ABSTRACT
INTRODUCTION
The causticizing reactor system from Klabin Paraná Papéis produce white liquor used in cellulose digesters. This system is composed by one slaker reactor followed by nine causticizing reactors in sequence. According to Fig. 1 , green liquor and lime are continuously introduced in the stirred slaker reactor. The lime from lime kiln is mainly composed of a large quantity of calcium oxide and a small amount of inert solids. The calcium oxide instantaneously reacts with water from green liquor producing calcium hydroxide, according to a highly exothermic reaction, called slaking reaction: CaO (s) + H 2 O (l) Ca(OH) 2(s) . In turn, green liquor is a liquid solution with a large quantity of sodium carbonate that reacts with calcium hydroxide producing sodium hydroxide and calcium carbonate, according to the causticizing reaction: Na 2 CO 3(aq) + Ca(OH) 2(s) → 2 NaOH (aq) + CaCO 3(s) . This reaction is slightly exothermic. At the outlet of the slaker reactor, there are two distinct streams: limed liquor and grits. The limed liquor is basically formed by a sodium hydroxide solution with calcium carbonate, calcium hydroxide, inert solids and eventually unreacted calcium oxide in suspension. 
MATERIAL AND METHODS

Mathematical Modeling
The mathematical model was developed by Andreola (2001) from mass balances on each component, Equations (1) to (7), and from energy balance, Equation (9), over the slaker reactor, considering perfect mixture and constant volume. The hypothesis of perfect mixture was based on the research developed by Hypponen and Luuko (1984) that showed the same value of residence time distribution for solids and liquid in a causticizing reactor system. The assumption of constant volume (V) was based on the fact that the volume of slaker reactor was constant. The salker reactor has an outlet for the liquor at the top of reactor, according to Fig. 1 , that keeps the level of liquid constant.
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Where: a = Na 2 CO 3 , b = NaOH, c = Na 2 S, d = CaO, e = Ca(OH) 2 , f = CaCO 3 , g = inert solids.
The model predicted the actual concentration of each soluble component (C i *, i= a, b, c); the mass of insoluble solids inside the reactor (m j , j= d, e, f, g) and the reactor's temperature (T). Volumetric flow rate (q) and mass flow rates (w j ) must be known. For model purposes, Causticising (r 2 ) and Slaking (r 1 ) kinetics were corrected by molecular weights (PM) ratios. The actual concentration of a generic component i (C i ) was determined from its apparent concentration (C i *), using Equation (8). This procedure was necessary because the apparent concentration represented the mass of a specific component dissolved per unit volume of reactor. However, part of this volume was occupied by insoluble solids: CaCO 3 , CaO, Ca(OH) 2 and inert solids. Each volume of the solid compounds ( 
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Where:
The operational reactor temperature was very close to the boiling temperature of the reacting mixture. Both reactions were exothermic and the reacting mixture temperature increased until it reached the boiling point. Consequently, there was energy loss by evaporation. To take this energy loss into account, this loss was included in Equation (9), admitting that the enthalpy and boiling temperature (T eb ) of the solution were identical to that of pure water (∆H evap ) at the same pressure, because the reacting mixture was composed of a diluted solution. Insoluble solids were dispersed in solution and jointly form a slurry that had distinct density (ρ slurry ) and heat capacity (Cp slurry ). The reactor's liquid phase was called liquor. Liquid (∆H liquor ) and solid (∆H solids ) enthalpy changes were evaluated from heat capacities of solids (Cp j ) and dissolved compounds (Cp j ).
While the reactor temperature (T) was lower than the boiling temperature of the reacting mixture (T eb ), water evaporation did not occur, therefore, q evap = 0. However, when the reactor temperature reached T eb, water evaporation occured at constant temperature and the rate of evaporation could be instantaneously evaluated from the solution of the following equation: C 1 -q evap C 2 = 0. As mentioned previously, the limed liquor was composed of an aqueous solution of sodium hydroxide, calcium carbonate, calcium hydroxide, inert solids and, eventually, calcium oxide unreacted. Consequently, the volumetric flow rate of limed liquor (q) was composed of five distinct terms: water (q H2O ); calcium carbonate (q CaCO3 ); calcium hydroxide (q Ca(OH)2 ); inert solids (q inerts ) and calcium oxide (q CaO ), according to Equation (10).
The volumetric water flow rate (q H2O ) could be obtained from water mass balance, admitting unsteady-state behavior, where the consumption of water was given by the slaking reaction (q r1 ) and by evaporation (q evap ), according to Equation (11).
The volumetric flow rate of limed liquor, q, could be obtained from Equations (10) and (11), according to Equation (12).
The reaction rate equations for the slaking reaction (r 2 ), CaO (s) + H 2 O (l) → Ca(OH) 2(s) , and causticizing reaction (r 1 ), Na 2 CO 3(aq) + Ca(OH) 2(s) 2NaOH (aq) + CaCO 3(s) , employed in this work were those employed by Swanda (1994) , given by Equations (13) and (14). Both reactions were exotheric and it took account in the model by heats of slaking (∆H r2 ) and causticizing (∆H r1 ) reactions. 
Parameters Evaluation
The dynamic model had one thermal parameter U, and three kinetic parameters: k 2 , k 1,0 e k 2,0 . In this work, the overall heat transfer coefficient U was obtained from equations (15) to (17) and the kinetic parameters used were similar to those given by Swanda (1994) . As the slaker reactor was not insulated and the temperature of the reacting mixture was greater than the ambient temperature, heat flux occured from the reacting mixture to the environment. This heat loss was governed by an overall heat transfer coefficient, U, that represented an equivalent thermal resistance (R eq = 1/UA), composed by association of three distinct thermal resistances, on the reaction mixture (R int = 1/h int A); on the wall of reactor (R w ) and externally (R ext = 1/h ext A), as Equation (15). Wall thermal conductivity (k w ) was taken from the literature, wall thickness (e w ) and logarithmic averaged area (A lm ) from design specifications. The internal heat-transfer coefficient by convection (h int ) was obtained from Equation (16), presented by Lydersen (1979) , using physical properties of pure water because the reacting mixture was composed of a diluted solution.
where Pr is the fluid Prandtl number; D is the reactor inner diameter; D stirrer is the stirrer diameter; ρ, µ, k are density, viscosity and conductivity of the fluid and n is the stirrer rotation in rps. Heat dissipation to ambient occured by free convection from reactor walls to the surrounding air. Hence, the external heat transfer coefficient (h ext ) was obtained from Equation (17), presented by Kreith (1973) , which took into account Grashoff number (Gr) and Prandtl number. Heat transfer coefficients were calculated from Equations (15), (16) and (17). External heat transfer coefficient is h ext = 6.28 J/(m 2 o C s) and, h int =1.95 10 5 J/(m 2 o C s). Then, the three thermal resistances related to the process were calculated: R int = 4.89 10 -6 o C s/J; R W = 2.31 10 -5 o C s/J and R ext = 2.53 10 -3 o C s/J, indicating that the heat transfer between the reactor walls and the ambient air was the limiting step (98.9% of R eq ). Thus, R eq ≈ R ext and UA = 394.38 J/( o C s). The values of the thermal and kinetics parameters used in simulations are shown in Table 1 . 
RESULTS AND DISCUSSION
The mathematical model was composed of seven ordinary differential equations, Equations (1) to (7), and Equation (9), two kinetic equations for Slaking and Causticizing reactions, Equations (13) and (14) and, additionally, Equation (12) to calculate the volumetric flow rate of limed liquor in the exit of reactor. This model was numerically solved by SDRIV2 subroutine available in Kahaner et al (1989) , with initial conditions presented in Table 2 . The reactor simulation, on the first instants of simulation, was not real; it was a hypothetical situation that resulted in a real condition of operation in steady-state conditions. The operational conditions and reactor dimensions used in model simulations, are shown in Table 3 . According to Figs. 2, 6 and 7, the dynamic model satisfactorily described the steady-state behaviour of the industrial slaker reactor, with respect to the temperature, active alkali (AA) and total titratable alkali (TTA), measured at exit of reactor in steadystate conditions, without the need of further parameter adjustment. The concentrations of NaOH, Na 2 CO 3 , Na 2 S and mass of CaO and CaCO 3 reached steady-state in approximately 15 minutes, except mass of Ca(OH) 2 that took about 40 minutes, according to Fig 3, 4 and 5. The concentration of Na 2 CO 3 and the mass of CaO showed a significant decrease initially, tending to constant values of 50.62 kg Na2CO3 /m 3 and 379.84 kg of CaO. While the concentration of Na 2 CO 3 and mass of CaO decreased in the system, the concentration of NaOH and mass of CaCO 3 naturally increased in the same proportion, because they were products of the causticizing reaction, tending to values of 85.54 kg/m 3 and 3772.1 kg, respectively, in steady-state conditions (Figs. 3 and 4) . Contrary to the behaviour mentioned above, the Na 2 S did not react, and its concentration was practically constant at 31.40 kg/m 3 during the entire simulation. While the mass of inert solids in the reactor stayed practically unchanged along the time, and was equal to 337 kg, the mass of Ca(OH) 2 grew quickly initially, reaching a maximum of 300 kg and decreasing slowly soon after reaching the value of 149.69 kg at steady-state (Fig. 5) . This behaviour revealed that initially the rate of generation of Ca(OH) 2 by the Slaking reaction was higher than the rate of consumption of this component by the Causticizing reaction; however, this was reversed over time. The active alkali (AA) presented a fast growth in the first minutes, due to the increased concentration of NaOH in the reactor, and it reached the concentration of steady-state condition in 91.15 kg/m 3 in the first 15 minutes (Fig. 6 ), while the total titratable alkali (TTA) stayed practically constant (120.78 kg/m 3 in steady-state condition) for the simulated period (Fig. 7) . This behaviour was expected since for each molecule of consumed Na 2 CO 3 , two molecules of NaOH were formed, consequently there was a compensation between the mass of Na 2 O that was generated and the one that was consumed in the forms of NaOH or Na 2 CO 3 . At the first instant of simulation, the temperature of the reactor quickly increased because of the development of the strongly exothermic slaking reaction, taking around 3.5 minutes to reach the boiling temperature of the reacting mixture, 100 o C, and stayed constant until the end of the simulated period (Fig. 2) . Although the volumetric flow rate of limed liquor in the exit of the reactor (q) was composed of five different terms: q CaCO3 , q H2O , q Ca(OH)2 , q CaO and q inerts , only the terms corresponding to the water and to the calcium carbonate, exerted significant influence on this flow, corresponding to 94.2 and 5.4% of the total, respectively. Because of that the behaviour of q was determined by the term corresponding to the water volumetric flow rate (q H2O ). On the other hand, when the exit volumetric flow rate, q, was compared to the feeding volumetric flow rate, q 0 , a small difference between them was observed at steadystate: 1.3% in relation to q 0 (Fig. 8) .
Owing to the development of the causticizing reaction, the volumetric flow rate of calcium carbonate (q CaCO3 ) quickly increased and reached the maximum value of 2.12 10 -3 m 3 /s, in the first twelve minutes (Fig. 8) . Simultaneously, the volumetric flow rate of water (q H2O ) also reached the maximum value of 3.71 10 -2 m 3 /s, being 4.6% smaller than the feed (3.89 10 -2 m 3 /s). However, q H2O suffered great oscillation in the first instants due to the high consumption of water by the slaking reaction (q r2 ) and by the evaporation (q evap ), and it reached steady-state after 210 seconds (Fig. 9) . Both, q evap and q r1 showed maximum values of 2.78x10 -3 and 3.45 10 -3 m 3 /s, respectively in the first 210 seconds, and decreased slowly until they reached constant values of 1.15x10 -3 and 6.42x10 -4 m 3 /s, respectively after 900 seconds. 
